Escherichia coli mutants conditionally defective in the conversion of pantothenate to coenzyme A were isolated and characterized. The gene was designated coaA and localized between argEH and rpoB near min 90 of the chromosome. The coaAl5(Ts) mutation caused a temperature-sensitive growth phenotype and temperature-dependent inactivation of pantothenate kinase activity assayed both in vivo and in vitro. At 30°C, coaA15(Ts) extracts contained less than 20% of the wild-type pantothenate kinase activity; the kinase had near normal kinetic constants for the substrates ATP and pantothenate and was inhibited by coenzyme A to the same degree as the wild-type enzyme. These data define the coaA gene as the structural gene for pantothenate kinase.
Coenzyme A (CoA) is synthesized by a series of reactions beginning with the phosphorylation of the vitamin pantothenic acid (1) . In Escherichia coli, pantothenate kinase catalyzes the rate-controlling step in the pathway (9, 10) . Metabolic labeling studies illustrate that down regulation of CoA biosynthesis is accomplished by decreased pantothenate phosphorylation coupled with efflux and accumulation of pantothenate in the culture medium (9, 10) . Pantothenate kinase is inhibited by nonesterified CoA (CoASH) and to a lesser extent by CoA thioesters (16) . Inhibition of pantothenate kinase by CoASH is competitive with ATP, indicating that CoA production is coordinated with the energy state of the cell. The correspondence between the effective concentrations of these compounds in vitro and their intracellular concentrations supports the hypothesis that the size of the CoA pool is a primary determinant of pantothenate kinase activity (16) . Pantothenate kinase is also thought to govern CoA production in animal cells (14, 15) . Like E. coli pantothenate kinase, the mammalian enzyme is inhibited by CoA in vitro (2, (6) (7) (8) 11) , but the potency of CoA versus that of its thioesters and the interaction between CoA and ATP are less clear. Salmonella typhimurium mutants possessing temperature-sensitive pantothenate kinase activity (coaA) have been isolated; the gene is located near min 89 of the chromosome (5) . In pin, tetracycline hydrochloride, and bovine serum albumin; and Whatman, Inc., DE81 filter circles. D-[3-3H]pahtothenic acid (specific activity, 5.0 Ci/mmol) was synthesized and purified as previously described (19) .
Bacterial strains and growth conditions. The bacterial strains used in this work were derivatives of E. coli K-12 (Table 1) . Minimal medium was medium E salts (20) supplemented with glucose (0.4%), thiamine (0.001%), and required amino acids (0.01%). Bacteriophage P1 was propagated in medium containing tryptone (10 g/liter), NaCl (5 g/liter), and yeast extract (1 g/liter). The concentrations of antibiotics were as follows: ampicillin, 20 ,ug/ml; chloramphenicol, 40 ,ug/ml; rifampin, 100 p.g/ml; and tetracycline hydrochloridej 10 p.g/ml. Cell number was monitored during growth by using a Klett-Summerson colorimeter with a blue filter. The colorimeter was calibrated with strain SJ16 by determining the number of CFU in the range of colorimeter readings encountered.
Isolation of pantothenate kinase (coaA) mutants. Cell growth does not stop after the cessation of CoA biosynthesis but continues until the intracellular reserve of CoA is depleted by continued cell division (9) . Therefore, strain DV5 (panD) was used so that the CoA content could be depleted to ensure that mutants unable to synthesize CoA would not grow during the ampicillin enrichment procedure. A logarithmic-phase culture of DV5 grown at 37°C in minimal medium plus 10 ,uM P-alanine was mutagenized with 1.5% ethyl methanesulfonate for 2 h as described (12 (16) . Protein concentrations were measured by the microbiuret method with bovine serum albumin as a standard (13) .
Preparation of cell extracts and chromatography. Samples from 1-[3-3H]alanine-labeled cultures were pipetted into an equal volume of ice-cold 2-propanol, and the cells were lysed by sonication with four 10-s bursts in a Heat Systems cup horn sonicator at the maximum output setting. The extracts were centrifuged in a B3eckman Microfuge, and the supernatants were treated with 10 mM dithiothreitol before analysis (9) . The supernatants were analyzed by thin-layer chromatography on silica gel H layers developed with ethanol-28% ammonium hydroxide (4:1 [vol/vol]) to 14 cm from the origin (9) . The distribution of radioactivity on the thin-layer plate was determined by scraping 0.5-cm sections of the silica gel into scintillation vials and counting in 3 ml of scintillation solution.
Localization of coaA. The zij::TnJO element was isolated from a random TnWO insertion pool by selecting tetracyclineresistant metB+ recombinants as described previously (18) and was tested along with transposons zad-220::TnJO (near panBCD) (9) and zhc-12::TnJO (near panF) (18) for cotransduction with coaAIS(Ts) by using bacteriophage P1 (12) . Transductants were selected for tetracycline resistance or other chromosomal markers (metB, argEH, rpoB, purD, and metA) at 30°C on minimal medium agar containing 10 jiM P-alanine and scored for growth at 42°C [coaA(Ts)]. The orientation of the coaA gene with respect to nearby loci was determined from three-factor crosses. Cotransduction frequencies were converted to map distances by using the formula of Wu and assuming the length of the P1 transducing fragment to be 2 min (3, 21) . RESULTS ,-Alanine-dependent, temperature-sensitive growth of strain DV62 (panD coaAlS). The intracellular CoA content depends on the P-alanine supplement in panD mutants and increases approximately 10-fold between 1 and 10 ,uM ,Balanine (9) . If coaA15 mutants were defective in CoA biosynthesis at the nonpermissive temperature, then the number of cell doublings after the temperature shift would increase as the ,-alanine growth supplement at 30°C increased. Strain DV62 grew at the same rate as strain DV5 at 30°C, and the doubling time for the strains in minimal medium containing 1 ,uM or more P-alanine was 1.25 h (Fig.  1) . When cultures supplemented with 1 ,uM P-alanine were shifted to 42°C during logarithmic growth, strain DV62 (panD coaA15) stopped growing after one division (Fig. 1) , whereas the doubling time of strain DV5 (panD coaA+) decreased to 1.1 h and the cells reached their normal stationary-phase cell density (data not shown). The onset of growth stasis at 42°C was delayed when strain DV62 was grown before the temperature shift in medium containing a higher ,-alanine concentration. The doubling time of strain DV62 at 42°C decreased to 0.9 h and the culture grew to the same density as did strain DV5 when the CoA content in strain DV62 was maximized at 30°C in medium containing 10 ,uM ,B-alanine (Fig. 1) . Thus, the growth of strain DV62 at 42°C could be extended for a few cell divisions by high intracellular CoA concentrations, consistent with the temperature-sensitive-growth phenotype of strain DV62 being due to the inability to synthesize CoA. Defective pantothenate phosphorylation in strain DV62. (Fig. 2, upper panel) . In strain DV62 cultures at 42°C, the accumulation of labeled phosphorylated metabolites stopped after 30 min at approximately 6.5 pmol/108 cells, whereas conversion of P- [3- 3H]alanine to [3-3H] pantothenate increased to 12.8 pmol/108 cells after 1 h (Fig. 2, lower panel) . Therefore, the inability of strain DV62 (coaA15) to synthesize CoA at 42°C was due to the lack of pantothenate phosphorylation.
Isolation
Temperature-sensitive pantothenate kinase activity in vitro. The pantothenate kinase activity in extracts prepared from the wild-type strain DV5 increased with temperature to a maximum at 37°C, and 95% of the maximum activity was retained at 42°C (Fig. 3A) . In contrast, extracts of strain DV53 (coaA15) demonstrated maximum activity at 30°C which was less than 20% of the wild-type rate and which decreased to less than 1% of the wild-type rate at 42°C (Fig.  3A and Table 2 ). The enzyme activity from strain DV53 was inactivated with a 15-min half-life at 42°C (Fig. 3B) . Nei pantothenate nor 4'-phosphopantothenate was degrade strain DV53 extracts at 420C (data not shown). At 30°C temperature-sensitive pantothenate kinase had the s apparent Km for pantothenate (25 ,uM) but a 43% hi apparent Km for ATP (1.0 mM) compared with that of wild-type enzyme (0.7 mM). CoASH (100 ,uM) inhibited wild-type and temperature-sensitive enzymes to the s extent (Table 3) . Pantothenate kinase from a strain I extract exhibited temperature sensitivity identical to thz the strain DV53 enzyme (Table 2 ). These data confirm the defect in pantothenate phosphorylation in coaA15 tants was due to temperature-sensitive pantothenate kii activity. In addition to strain DV53, strain DV51 (coaA14) was isolated as a mutant with defective pantothenate incorporation but represented a class of pantothenate kinase mutants having nearly undetectable activity in vitro (Table  2 ). -o0
Chromosomal location of coaA. To test whether coaA was near previously mapped chromosomal loci affecting pantothenate synthesis in E. coli (9, 18) or the coaA mutation at min 89 in S. typhimurium (5) Table 2 ). The position of (A) coaAJS between the argEH and rpoB loci was defined by '53 or three-factor crosses ( (100) kinase. The data also verify the results of metabolic labeling experiments (9, 10) and enzymatic analyses (16) showing that the phosphorylation of pantothenate is the only route to CoA in E. coli. The coaA gene is located at min 90 of the E. coli chromosome (Table 4 and Fig. 4 ) and is not linked to the genes responsible for the pantothenate synthetic enzymes (panBCD) at min 3 (4) or the pantothenate permease (panF) at min 72 (18) . Mutants expressing a temperature-sensitive pantothenate kinase (coaA) in S. typhimurium map to chromosomal min 89 (5), and our mutants probably represent the coaA counterpart in E. coli.
Allosteric regulation of pantothenate kinase activity by the CoA pool is a major determinant of the CoA biosynthetic rate, and there is no evidence for regulation of enzyme synthesis as a mechanism to control pantothenate phosphorylation (16) . The in vitro kinetic properties of pantothenate kinase suggest that this regulatory enzyme expresses only 20 to 25% of its maximum catalytic capacity in vivo because of feedback inhibition by CoASH and its thioesters (16) . The mutant pantothenate kinase (coaA15) retained its sensitivity to CoA inhibition at 30°C (Table 3 ) and had near normal kinetic constants for ATP and pantothenate. The reduced enzyme activities found at 30°C in the coaA14 and coaA15 mutants (Table 2 ) support the conclusion that wild-type pantothenate kinase is normally produced at levels higher than that required for growth. Pantothenate kinase mutants with altered feedback inhibition characteristics are needed to determine the contribution of allosteric regulation of pantothenate phosphorylation to the overall control of intracellular CoA concentrations. 
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